Background: Despite good outcomes for many, a substantial group of patients undergoing metastasectomy for isolated liver metastases from colorectal cancer (CRC) experience early recurrence. We have investigated whether circulating tumour cell (CTC) detection can identify patients developing disease recurrence within 1 year after liver metastasectomy.
In Western countries, colorectal cancer (CRC) represents one of the most common malignant diseases and forms a substantial cause of death, frequently due to liver metastases. For patients presenting with isolated colorectal liver metastases (CLM) and disease amenable for complete resection, liver metastasectomy is a potentially curative approach yielding 5-year survival rates, of up to 60% in highly selected patients (Rees et al, 2008; House et al, 2010) . The indications for liver resection have expanded over the past decade due to improvements in surgical techniques, the introduction of more effective systemic chemotherapy and the use of portal vein embolization, radio frequency ablation and stereotactic radiation. And in carefully selected patients, extra-hepatic disease is even no longer a contra-indication for local therapies (Saltz et al, 2000; Azoulay et al, 2000; Hemming et al, 2003; Adam et al, 2004; de Meijer et al, 2006; Mendez Romero et al, 2006; Wong et al, 2010; Chua et al, 2012) .
However, despite the good outcomes for many patients undergoing this procedure, there is still a substantial group of patients encountering early recurrence. In a retrospective analysis performed in our centre, the 1-year recurrence rate of CLM after liver resection was almost 50% (Dols et al, 2009) . Obviously, the identification of patients at high risk of disease recurrence after surgery for resectable CLM might lead to better selection of patients for this procedure. These patients should either be spared a potentially futile surgery or, their condition permitting, additional and more intensified therapy should be explored to minimise the risk of early relapse.
Circulating tumour cells (CTCs) are cells present in the peripheral circulation of the majority of metastatic cancer patients. Several techniques are currently available for their measurement, but of these, only the CellSearch technique (Veridex LLC, Raritan, NJ, USA) has been approved for use as a prognostic marker in metastatic breast, prostate and CRC cancer by the US Food and Drug Administration. Using this method, the presence of CTCs in peripheral blood of patients has strong prognostic value in various malignancies including metastatic CRC (Mostert et al, 2009; Strijbos et al, 2010; Rahbari et al, 2010; Tol et al, 2010; Stebbing et al, 2014) . Most studies on the prognostic value of CTCs in metastatic CRC include patients with irresectable disease treated with chemotherapy (Cohen et al, 2009; Tol et al, 2010; Matsusaka et al, 2011) . However, concerning patients with isolated CLM undergoing liver metastasectomy, little is known about the possible prognostic value for CTCs.
The objective of this study was to evaluate whether the detection of CTCs by the CellSearch System can identify patients with resectable CLM undergoing liver metastasectomy who will develop disease recurrence within 1 year after surgery.
PATIENTS AND METHODS
Patients. Patients over 18 years of age with an adenocarcinoma of the colon or rectum with metastases confined to the liver, confirmed by computed tomography (CT) scan or magnetic resonance imaging (MRI), and eligible for liver resection or 'open' radio frequency ablation therapy (RFA) were included. Patients were excluded if complete resection of the liver metastases was not possible in one procedure, the primary tumour was in situ (liverfirst approach or synchronous resection of primary tumour and liver metastasis), extrahepatic metastasis, histological examination of the liver specimen showed no CLM, or follow-up after resection was o1 year. Ours is a referral hospital; preoperative chemotherapy is not administered as a standard treatment protocol for patients with resectable CLM according to the Dutch Guidelines. Most of our patients have already received neoadjuvant chemotherapy in the referring hospital. In our centre, the indication for neoadjuvant chemotherapy is two-fold: in case of initially difficult/unresectable liver metastases, or in case of multiple (44) synchronous metastases. None of the included patients received adjuvant chemotherapy after the curative liver resection. Clinical data were collected from the medical records and included demographic details, maximum size, number and distribution of liver metastases on CT scan or MRI, plasma carcinoembryonic antigen (CEA) levels, preoperative chemotherapy (chemotherapy administration within 6 months prior to resection), Fong Clinical Risk Score (CRS) (Fong et al, 1999) , location, and pathological TNM stage of the primary tumour.
This study was approved by the Ethical Board of the Erasmus MC (METC 2006-089) and all patients gave their written informed consent.
Blood sample analyses. Thirty ml of blood was drawn from the peripheral arterial line directly preoperatively, before manipulation of the tumour, by the anaesthesiologist in 'CellSave' tubes (Veridex LLC). Samples were stored at room temperature and analysed within 96 h after collection. The three blood tubes were pooled and then reduced to a volume of 7.5 ml by Ficoll densitygradient separation as previously described (Gross et al, 2005; Lalmahomed et al, 2010) . CTCs were enumerated using the CellSearch System according to the manufacturer's instructions (Allard et al, 2004) . Briefly, samples were processed on the semiautomated CellTracks AutoPrep System using the CellSearch Epithelial Cell Kit (both Veridex LLC), which contains magnetic beads coated with anti-epithelial-cell adhesion molecule (EpCAM) antibodies to immunomagnetically enrich epithelial cells from whole blood. Remaining cells are then stained with the nuclear dye 4 0 ,6-diamidino-2-phenylindole (DAPI), anti-cytokeratin (CK) 8/18/19 antibodies labelled with phycoerythrin, and anti-CD45 antibodies labelled with allophycocyanin. After transferral of the sample to a Magnest Cell Presentation Device (Veridex LLC), the cells are scanned by the CellSpotter Analyzer (Veridex LLC), a four-color semi-automated fluorescence microscope. Presented images were assessed by trained readers, and all cells fulfilling all criteria for a CTC-size of X4 mm, round to oval morphology, positive staining for CK-8/18/19, a visible nucleus (DAPI positive), at least 50% overlap between nucleus and cytoplasm, and negative staining for CD45-were selected.
Follow-up. After hepatic resection, patients routinely underwent a physical examination and determination of CEA-level, abdominal/ chest CT or ultrasonography every 4 months for the first year, every 6 months the second year and once a year thereafter.
Statistical analysis. The primary end point of this study is disease recurrence within 1 year after hepatic resection for CLM. In a pilot study, 50% of a patient group with characteristics similar to the population studied here tested positive for the presence of CTCs (Lalmahomed et al, 2010) . To detect a 20% difference in 1-year recurrence rate between patients with detectable CTCs vs those without detectable CTCs with a power of 80% and a significance level of 5%, knowing that the overall 1-year recurrence rate is B50%, 200 patients had to be included.
We use the presence of CTCs (X1 CTC) as well as high CTC count (X3 CTCs) as cutoff points for analyses in line with Allard et al (2004) and Gazzaniga et al (2013) . Categorical data were described as counts with percentages between brackets and continuous data as median with the range between brackets. The w 2 -test was used to compare categorical data, for continuous date the independent sample t-test and whether data were not equally distributed the Mann-Withney U-test was used. Disease-free survival (DFS) was defined as the interval elapsing between the day of surgery to the day of recurrence, death or censoring at most recent follow-up. Overall survival (OS) was the time between the day of surgery and the day of death or censoring at the most recent follow-up. Survival analyses (DFS and OS) were executed following the Kaplan-Meier method, and comparisons were made using the log rank test. A linear regression model was used to evaluate the association between CTC count and the time interval from the last dose of chemotherapy until the operation. In all analyses the significance level was set at Po0.05. All the statistical analyses were two sided and carried out using the statistical software package SPSS (IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY, USA). (Figure 1 ). After applying these exclusion criteria, 173 blood samples of 151 individual patients were left for evaluation. Twenty-two patients underwent a second liver resection for recurrent disease confined to the liver following the first resection. Also these samples were included and were considered as separate cases. Patients were divided into two groups according to disease recurrence o1 year (n ¼ 82) and disease recurrence X1 year or no recurrence (n ¼ 91) following hepatic surgery (Table 1) . There is a significant difference between the groups in the number of metastases (2 (range 1-10) vs 1 (range 1-8) P ¼ 0.04), as well as the ratio between synchronous, metachronous and recurrent liver metastases, with higher percentages of metachronous metastases in the group with late or no disease recurrence (42% vs 60%, P ¼ 0.02). Also the distribution of the Fong CRS showed significant difference, which was, as expected, higher in the early-recurrence group (40% score 3-5 vs 21%, P ¼ 0.01).
CTC enumeration and primary end point. In Table 2 , the results of the CTC analyses are shown. CTCs were detected in 43% of the blood samples and the median number of CTCs was zero (range 0-49) in all samples. With respect to the primary objective, there was no significant difference in the 1-year recurrence rate between patients with (X1 CTC) or without CTCs (47% vs 48%; P ¼ 0.87). The 1-year recurrence rate in the group with X3 CTCs also showed no significant difference compared with the o3 CTC group (50% vs 47%; P ¼ 0.76). We performed the analyses on a per patient basis as well (151 samples); this showed similar results (data not shown).
Survival analyses. The median follow-up for all 151 patients was 28 months (range 12-59 months), and the median DFS, calculated for every blood sample (n ¼ 173), was 14 months (95% CI 10.9-17.2 months). Disease recurred in 115 cases (66%), of which 82 (47%) were within 1 year. There was no significant difference in DFS between patients with no or X1 CTCs (P ¼ 0.56) or between those with o3 or X3 CTCs (P ¼ 0.34, Figure 2A and B) . During the follow-up period 40 patients (26%) died. Survival analyses showed no significant difference in OS between patients with no or X1 CTCs (P ¼ 0.96) or between those with o3 or X3 CTCs, (P ¼ 0.17, Figure 3A and B).
Subgroup analyses. A subgroup analysis was performed for the CTC count between patients who did (n ¼ 80) and did not (n ¼ 93) receive preoperative chemotherapy. Patients in the preoperative chemotherapy group, received a median number of four cycles of chemotherapy (range 2-12). The median time interval between the last dose of chemotherapy and the operation was 8.6 weeks (range 2.7-38 weeks). The results concerning the CTC count are shown in Table 3 . The median CTC count was lower in patients who received chemotherapy (P ¼ 0.05) (Figure 4 ). In 36% of the patients who received preoperative chemotherapy CTCs were detected (X1 CTC), compared with 50% of patients who did not receive chemotherapy, this difference was not statistically significant (P ¼ 0.08). The percentage of patients with a high (X3) or low (o3) CTC count also showed no difference between the groups (P ¼ 0.22). The 1-year recurrence rate for patients who received preoperative chemotherapy was not significantly different between patients with or without CTCs present (48% vs 53%, P ¼ 0.69). There was no association between CTC count and the time interval from the last dose of chemotherapy until the operation (for each week increase in time interval between the last dose of chemotherapy and the operation, the CTC count increases by 0.067 CTCs (95% CI: À 0.008, 0.142; P ¼ 0.08). For patients who did not receive preoperative chemotherapy the 1-year recurrence was similar between the group with and without CTCs (46% vs 43%, P ¼ 0.76).
DISCUSSION
This study does not demonstrate a prognostic value for CTC enumeration in patients with isolated CLM undergoing a partial liver metastasectomy with a curative intent. The power analysis conducted prior to our study indicated that 200 patients had to be included to show a 20% difference in the relapse rate at 1 year between patients with vs those without CTCs. Of the 343 patient samples, 170 cases had to be excluded for several reasons including extra-hepatic disease or residual disease after surgery. We excluded these patients as we expected their remnant tumour tissue to influence the course of disease. Nevertheless, despite this slightly reduced power, the DFS curves clearly show no differences in outcome between patients with vs those without detectable CTCs. We therefore feel that further studies using the same technique and similar study design and setting are not justified as futility has been adequately demonstrated. The lack of prognostic value of CTC counts in this patient group with limited metastatic disease is in contrast to findings in patients with advanced CRC. In these studies, where the same CTC enumeration technique was used, a CTC count of X3 per 7.5 ml of blood was associated with a worse progression-free and OS survival among patients with advanced CRC treated with first-, second-or third-line chemotherapy (Cohen et al, 2008; Tol et al, 2010) . Importantly, instead of drawing and analysing 7.5 ml of blood as was done in these previous studies, we drew 30 ml of blood and then reduced this to a volume of 7.5 ml of enriched blood by density-gradient separation. We choose this approach as we expected CTC counts to be lower in our patient group with limited metastatic tumour load. The potential benefit of this method was shown in a pilot study among 15 patients, in which more CTCs were detected using 30 ml instead of 7.5 ml blood (median paired difference 1 (range, À 1 to 7)) (Lalmahomed et al, 2010) . As a consequence, when we compare our CTC counts with other studies detecting colorectal CTCs using CellSearch in 7.5 ml of blood, the difference in blood volume should be taken into account. Despite the higher blood volumes in our study, both the number of patients with CTCs present (X1 CTC) and the number with a high CTC count (X3) is clearly lower in our study population compared with other studies in patients with metastatic CRC. In our study, CTCs were present in 43% of the patients and 16% had X3 CTCs, in the study by Tol et al (2010) 29% of the patients had X3 CTCs, Cohen et al (2009) reported 31% X3 CTCs and Hiraiwa et al (2008) 41.4% X2 CTCs. This difference is likely due to the fact that our study patients have relatively limited metastatic disease, as they had to be eligible for liver surgery with curative intent. This is in stark contrast with the aforementioned other studies, which included patients treated up to third-line chemotherapy and who are therefore likely to have more extended disease. It has been demonstrated that more advanced disease is associated with larger amounts of CTCs (Hiraiwa et al, 2008) . Hiraiwa et al (2008) found a significantly higher percentage of patients with X2 CTCs among patients with metastases confined to the peritoneum compared with patients with metastases to the liver and lung (64% vs 26%, Po0.01). Similar results have recently been published by Kaifi et al (2013) ; in their case series 60% of patients with diffuse metastases had CTCs present, in contrast to patients with metastases confined to the lung and the liver (11% and 32% respectively (Po0.01)).
Numerous articles report on the impact of chemotherapy on CTCs, and in the vast majority of patients undergoing chemotherapy, CTC numbers decline during treatment. (Tol et al, 2010 , Neki et al, 2013 . To exclude the possibility of the impact of neoadjuvant chemotherapy obscuring the prognostic value of CTCs in this setting, associations were explored in only the patients receiving neoadjuvant chemotherapy as well as those who were untreated before liver metastasectomy. But also in these separate groups, CTC counts had no prognostic value.
Only recently Seeberg et al (2014) published an article were also the CellSearch was used as a method to detect CTCs (in 7.5 ml blood) in patients with isolated CLM. The recurrence rate was similar to our study group. They reported that CTCs can predict nonresectability and impaired survival. CTC positivity was significantly higher in nonresectable (46%) than in resectable patients (11.7%), Po0.01. Contrary to our findings, patients who underwent resection and with two or more CTCs experienced reduced time to relapse or disease progression (Po0.01). As we used 30 ml blood, had a different, predefined primary end point and used other cutoff values, the studies are not fully comparable. A major difference between the studies is that they also included patients who were not eligible for resection. It is also not clear whether the patients who underwent liver surgery had extrahepatic disease. Therefore our group is more homogeneous (Seeberg et al, 2014) .
Three studies have looked in this population (resectable CLM) using other CTC enumeration tests based on RT-PCR assays. Vlems et al (2003) and Topal et al (2005) could not predict disease recurrence in patients with resectable CLM using their CTC detection methods. A third study by Koch et al (2005) did show that intra-operatively detected CTCs were of prognostic value. It should be noted that these studies concerned only small numbers of patients and that the prognostic value found in the latter study is yet to be confirmed. In general, the nature of RT-PCR-based CTC detection assays confers to a higher sensitivity compared with the CellSearch technique, due to the fact that the CellSearch System uses very stringent criteria by which a CTC is defined. In this way, small tumour fragments, apoptotic CTCs or CTCs with low expression of one of the detection markers are not counted as CTCs. This idea is supported by our previous findings in which tumour DNA and RNA could be detected using RT-PCR, whereas using the CellSearch technique in the same blood samples, no CTCs could be detected (Mostert et al, 2013) . Especially in patients with low tumour load, more sensitive CTC detection methods such as RT-PCR-based methods should be explored for their value as prognostic marker, while remaining aware of concerns about test specificity. In addition to RT-PCR-based methods, various other techniques to enumerate CTCs have recently been described. In contrast to the CellSearch technique, which among others relies on EpCAM and CK 8/18/19 expression on CTCs to be identified, other methods use size-based enrichment methods and/or other antibodies to detect CTCs. This may lead to a higher sensitivity to detect CTCs in CRC patients. Also these techniques should be explored for their value in this patient setting.
In our study, we have used 30 ml blood that was reduced to 7.5 ml for the CellSearch analyses, with the idea that CTC detection is more frequent when sample volume is larger. This is shown when we compare the data on CTC presence between Seeberg et al (2014) and ours (19.6% vs 43%). Coumans et al (2012) investigated different methods to increase the detection of CTCs and undescribed our method. They state that by statistical analysis of the distribution in 7.5 ml of blood detected by CellSearch in patients with metastatic cancer, the sample size should be 5 l of blood for the detection of CTCs. Knowing that there are organ systems that have the ability to filter CTCs, there is also the question whether peripheral blood sampling alone is sufficient (Jiao et al, 2009 ).
In conclusion, in this relatively large study no prognostic value for CTC counts as determined by the CellSearch technique could be found for outcome following liver metastasectomy in patients with resectable isolated CLM. The relatively high relapse rate in this group of patients with 450% of the patients relapsing within 1 year again underlines the high need for novel biomarkers to guide treatment in this patient category. 
